Fossil cephalopods are frequently encrusted by epibionts; however, determining whether encrustation occurred prior to or post-mortem to the host, and whether the final environment of deposition corresponds to the habitat of encrustation is complex. The present paper describes cirripede epibionts, their calcareous bases and their attachment scars on 6 post-mortem shells of Nautilus macromphalus, collected from deep water off New Caledonia. The cirripedes have left both cemented calcareous bases of Hexelasma and scars associated with bioerosion and discoloration produced by verrucomorph barnacles. Live cirripedes included a Metaverruca recta , with articulated opercular plates and organic tissue (on a shell that had been exposed on the sea floor for at least 150 years), and specimens of Hexelasma velutinum, one of which was partly attached to an internal surface of a shell. The disposition of verrucomorphs indicates that most Nautilus shells were colonized post-mortem rather than during a floating stage. However, as cirripedes are known to have colonized living Nautilus, some Hexelasma, preserved only as calcareous eroded bases, may represent specimens that settled on a living Nautilus. The degree of bioerosion and discoloration induced by verrucomorph barnacles varies according to the surface preservation of Nautilus shells, with deeper and discolored traces preserved on old and degraded shells. Traces made by verrucomorphs described here are ellipsoidal and a new ichnotaxon, Anellusichnus ellipticus, is proposed to accommodate them. Importantly, verrucomorphs and other cirripede taxa with membranous bases that were attached to pristine shells may not leave any substantial scars, and, thus, will be difficult to detect in the fossil record.
INTRODUCTION
Cephalopod encrusters with preservable skeletal remains are informative about the life habits, habitats and ecology of hosts and encrusters (Seilacher 1960; Baird et al. 1989; Keupp et al. 1999; Lukeneder 2008; Zell et al. 2014; Hautmann 2017) . They may also represent post-mortem colonization of cephalopod shells during their floating phase or when exposed on the seafloor after their death (Seilacher 1968; Donovan 1989; Rakús & Žítt 1993; Klug & Korn 2001; Landman et al. 2010; Wyse Jackson & Key 2014; Luci & Cichowolski 2014; Mironenko 2015; Yacobucci 2018) . Dead cephalopod shells and shells of other large molluscs provide relatively stable substrates for benthic islands (Rakociński 2011) , and thus, can have significant effects on the composition of encrusting and hard-substrate communities (Brett 1988; Nebelsick et al. 1997) . However, some encrusters do not have any preservation potential (Lescinsky 1993) and late-succession colonizers can erase the former record of skeletal encrusters through destructive processes (Rasmussen & Brett 1985) . Therefore, studies analyzing encrustation patterns on modern cephalopod shells can be helpful in constraining our inferences about ecology and evolution of encrusters preserved in the fossil record (Ritterbush et al. 2014) .
The complexity of encrusting communities preserved on dead cephalopod shells can be high. In the first instance, their shells may be colonized during life at various depths that can be inhabited by different larval pools, although colonization by encrusters can be enhanced during their resting periods at approximately 200 m when they retain neutral buoyancy (Dunstan et al. 2011) . There are numerous records of infestation of living Nautilus, demonstrating that this is certainly possible (e.g. Aurivillius 1892 Aurivillius , 1894 Seilacher 1982; Landman 1983) . Second, post-mortem Nautilus shells may be colonized when floating into or near surface waters. Third, empty shells may become encrusted after sinking to the sea floor. Although the periostracum can limit bioerosion and epibiont settlement on Nautilus shells , various encrusters, including foraminifera, barnacles, polychaetes, bryozoans, oysters, corals and sponges, have been recorded on shells of living Nautilus (Hamada 1983; Landmann 1983; Suzuki & Hayasaka 1988; Landmann et al. 2010) . However, the degree of encrustation can be geographically variable. Hamada (1983) contrasted living Nautilus from Philippines waters, which were encrusted by bryozoans, cirripedes (the balanomorph Amphibalanus and a lepadomorph, the latter being tentatively identified as Conchoderma) and foraminifera, with Nautilus from New Caledonian waters, which are colonized infrequently, generally by small lepadid barnacles and serpulid worms (Hamada 1983; Suzuki & Hayasaka 1988) . Landman et al. (2014) records approximately 7000-year-old death assemblages of Nautilus macromphalus Sowerby, 1849 in a karst system, now at 40-m water depth without any epibionts. Nautilus shells collected on beaches (backshore) and at 1-3-m water depth in lagoons at Lifou Islands were primarily encrusted by cyanobacteria and calcareous and non-calcareous algae (Mapes et al. 2010a) .
In this paper, we describe the assemblage of barnacles attached to 6 empty shells of Nautilus retrieved from epibathyal and mesobathyal waters off New Caledonia ( Fig. 1 ; Tomašových et al. 2016) . We discuss the timing of colonization of shells by barnacles; that is, whether it occurred during life or post-mortem, and whether the colonization occurred during the floating stage or on the sea floor. Finally, we focus on the preservation state of their attachment bases and scars. Our observations will improve the interpretation of cirripede traces in the fossil record.
Cirripedes from waters off New Caledonia in the Southwest Pacific have been described by Buckeridge (1994 Buckeridge ( , 1997 and Jones (2000 Jones ( , 2007 . The collection described here augments these observations with new records of verrucomorphs and balanomorphs as encrusters on cephalopods. Although for the most part, these cirripedes are incomplete, (being represented by attachment scars and calcareous bases), sufficient intact shells permit species-level identification.
MATERIALS
Twenty-one post-mortem shells of N. macromphalus were sampled with beam trawls and dredges along the south-southeastern margin of New Caledonia (off Lifou Figure 1 Geographical distribution of sample sites that provided post-mortem Nautilus macromphalus shells with cirripede epibionts (after Tomašových et al. 2017) Island, off Isle of Pines and off Great Southern Reef), at Lansdowne Bank (located between New Caledonia and the Chesterfield Islands) and at the Antigonia Seamount ( Fig. 1 ) in 1985 and 1987 in the course of Biocal and Biogeocal campaigns (De Forges 1990; Tomašových et al. 2016 Tomašových et al. , 2017 . All specimens, including types, are held in the collections of the Université de Bourgogne in Dijon and are curated with the prefix "UBGD" (e.g. as "UBGD 30750"). From this material, 6 shells with attached cirripedes and/or cirripede bases were recovered. Specimen UBGD 30750 (from station DW 08) bears 2 attached barnacles with compartmental and opercular plates. Specimen UBGD 30735 (station CP 45) has an attached balanomorph shell that does not possess any opercula. Four other specimens, UBGD 30739, UBGD 30741, UBGD 30740 and UBGD 30748 (from stations CP 30, CP 45, CP 232 and DW 44) , possess circular barnacle attachment scars and/or non-porous calcareous barnacle bases. Four shells (from stations DW 08, CP 45 and DW 44) were collected from the epibathyal zone (<750 m) and 2 (from stations CP 30 and CP 232) from the mesobathyal zone (>750 m). Geographical and field sampling data are summarized in Table 1 . The shell UBGD 30740 from stn CP 232 was dated with 14 C (Tomašových et al. 2016) ; the other 5 shells with cirripede epizoans were dated by radiocarbon-calibrated amino acid racemisation, using the D/L of glutamic acid in the prismatic layer (Table 1, Tomašových et al. 2016) .
GEOGRAPHICAL AND

ENVIRONMENTAL SETTINGS
The 6 shells with barnacles, barnacle attachment scars and/or calcareous bases were collected south (stns CP 30, CP 45/1, CP 45/2 and DW 44/2) and east (stn CP 232) of New Caledonia and northwest of Lifou Island (stn DW 08). Water depths ranged between 430 and 1140 m (see Table 1 ). Seawater temperatures declined from 12-13 °C at 430 m to 7 °C at 700 m in the epibathyal zone, to 3-4 °C at 1140 m in the mesobathyal zone north of Lifou Island (CALSUB, Roux 1991) . Water temperatures ranged between 5 and 6 °C at depths of 760-790 m east of Thio (specimen UBGD 30740, Roux 1991) . Pilsbry, 1916 Metaverruca recta (Aurivillius, 1898) ( Fig. 2a, a2 ) Verruca recta Aurivillius, 1898 : 195. Verruca sculpta Aurivillius, 1898 : 197. Verruca halotheca Pilsbry, 1916 : 188, pl. 12, figs 9, 10. Verruca cookei Rosell, 1989 (non Verruca cookei Pilsbry, 1927) . Verruca cookei Rosell, 1991 : 33 (non Verruca cookei Pilsbry, 1927 . Metaverruca recta Aurivillius, 1898 -Buckeridge, 1994 Buckeridge, 1997: 143, fig 7b; Young, 1998: 52; Poltarukha & Zevina 2006a: 158-159, fig. 8; Poltarukha & Zevina 2006b: 174; Chan et al. 2009: 277-278, figs. 242-244; Chan et al. 2010: 36, figs 2G, 25, 26; Poltarukha 2013: 42, fig. 6; Poltarukha 2014: 32-33 Material: UBGD 30750 -stn DW 08 (20°34′21″S, 166°53′53.88″E); depth 435 m; 1 specimen attached to the left side of the Nautilus shell ( Fig. 2a, a2 ). Note: Buckeridge (1994: 116) recorded M. recta as a benthic species from this station.
METHODOLOGY
Description: A large, low conic verrucid with steep sides and operculum sub-parallel to base; orifice D-shaped; exterior smooth with fine, well-spaced concentric growth lines; movable tergum and movable scutum with 3 articular ribs; rostrum and carina articulating with up to 7 ribs; caudal appendages short. Remarks: M. recta is a cosmopolitan species that is widely distributed in New Caledonian waters. It is known to live at depths ranging from 160 to 2110 m (Buckeridge 1994) . This bathymetric range overlaps with the range of N. macromphalus in New Caledonia. There is only 1 specimen of this verrucid in the material studied; it is attached on the left flank of UBGD 30750. Although this shell, retrieved from 435 m, retains its original color stripes, the surface is affected by fine-scale dissolution and by the loss of original sheen, and no signs of periostracum are preserved. The barnacle had to settle on an already dead shell of Nautilus, as the minimum post-mortem age (lower 95% confidence interval is 150 years, see Hoek, 1913 (Fig. 2a, a1; Figs 3-5) .
Hexelasma velutinum Hoek, 1913: 246; Broch, 1931: 53; Hiro, 1933: 79; Utinomi, 1968: 30; Newman & Ross, 1971: 155; Newman & Ross, 1976: 46; Foster, 1981: 356-358; Jones 2000: 273, fig. 64, tabs 28-31; Liu & Ren 2007: 328, fig. 146; Chan et al. 2009: 183-184, figs 155-157; Chan et al. 2010, p. 41-43, fig. 29-30. Material: UBGD 30750 -stn DW 08 (20°34′21″S, 166°53′53.88″E); depth 435 m; 1 specimen with opercula, attached inside the broken body chamber, near the umbilical area ( Fig. 2a, a1) ; UBGD 30735 -stn CP 45 (22°47′20.4″S, 167°14′37.32″E); depth 430 m; 1 specimen (without opercula) attached on the ventral side and 1 hexelasmatine base ( Fig. 4) ; Calcareous bases preserved on two other specimens may also belong to this species: UBGD 30741 -stn CP 45 (22°47′20.4″S, 167°14′37.32″E); depth 430 m; two ?hexelasmatine bases (Fig. 5b, b1) ; UBGD 30748 -stn DW 44/2 (22°47′17.88″S, 167°14′17.88″E); depth 440-450 m; one ?hexelasmatine base ( Fig. 5 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48 Description: Shell high conic, comprising 6 wall plates: rostrum (R), carina (C) and paired first carino-latera (CL 1 ) and second carino-latera (CL 2 ); alae present on C, CL 1 and CL 2 ; radii absent, lower 2/3 of alar growth lines parallel to margins of adjacent plate, superior margin of alae with fine welting. Exterior cream-white due to cover by a thin straw-colored chitinous integument, compartments and opercula with parallel growth lines delineated by fine, short setae; interior surface of compartments with thin, yellow-brown, longitudinal chitinous stringers. Compartments inflected inwards basally, basis very thin, calcareous [some writers (e.g. Chan 2009) state, in error, that the basis is membranous]. Scutum triangular with slightly convex articulating and occludent margins, articular ridge low, adductor muscle pit central, but very weak; tergum with broadly convex carinal margin, articulating margin and basal margins slightly concave, spur extending shortly beyond basi-scutal angle and removed from basi-scutal angle by slightly less than its own width, ridges for lateral depressor muscles well formed; exterior with shallow tergal furrow.
Note: The vertical chitinous stringers that occur within the shell wall of Hexelasma velutinum are degraded (and lost) when the barnacle dies and disarticulates. Depending on depth, microbial activity and temperature, degradation may be well advanced in several months. In some instances, a small part of the shell wall may re- 3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51 main attached to the base. At the base-wall abutment zone, small cavities can be seen where the chitin once existed ( Fig. 5b-b1 ), and these look superficially like basal pores (i.e. openings to a porous calcareous base, as with Amphibalanus).
Distribution: Japan, Philippines, South China Sea, Southwest Pacific. A depth range of 204-560 m was provided by Hoek (1913: 246) . However, Hoek confused 2 taxa in his description; see Foster (1979: 79) . Pilsbry (1916: 330) and Newman and Ross (1976: 46) both give a depth range of 204-390 m, so the studied specimens (430-450 m) may be one of the deepest records for this species. This species does not have any fossil record.
Systematic ichnology
General remarks: Barnacles quickly lose soft tissue and opercula after their death. The compartments may detach from the base, which can be either calcareous or membranous. Two types of cirripede attachment were observed on these Nautilus shells. The first type is represented by calcareous, non-porous, very thin bases typical of hexelasmatines, such as H. velutinum (Fig. 4a1c) . The second type is represented by etching scars typical of cirripedes that lack a mineralized base, such as with the Verrucomorpha and most of the Chthamalidae. This type of attachment can corrode the substrate encrusted by the barnacle (Buckeridge & Newman 2017) , depending on the degree of substrate preservation and its strength. These unmineralized scars contain significantly less information about the identity of the producer. Therefore, we assign them to a new ichnospecies on the basis of their distinctive preservation and shape (Boekshoten 1967; Miller & Brown 1979; Mayoral 1986; Bromley & Martinell 1991; Santos et al. 2005) .
Gale (2018, and references therein) discussed host selectivity of barnacles, especially during the Mesozoic. The specimens that may have colonized nautiloids in vivo are too few in number to confirm any selectivity.
Ichnogenus Diagnosis: Circular or subcircular patterns defined by a shallow, non-crenulate, exterior ellipsoidal furrow; inside this, the structure exhibits fine, eccentric etched rings with no central depression.
Material: Holotype UBGD 30740 -stn CP 232 (21°33′46.8"S, 166°27′4.32"E); depth 760-790 m; large attachment scar marked as "H" in Figure 6 ; Paratype series UBGD 30740 -stn CP 232 (21°33′46.8"S, 166°27′4.32"E); depth 760-790 m; 71 completely preserved attachment scars and 14 fragments (due to shell breakage during or after the sampling); UBGD 30739stn CP 30 (23°09′38.88"S, 166°40′50.88"E); depth 1140 m; 1 attachment scar (Fig. 7) .
Description: Circular and irregularly elliptical attachment scars ranging from 3.0 to 9.4 mm in diameter that represent distinct growth phases. These scars may 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 overlap, indicating that the producer colonized the shells of Nautilus in multiple phases (see Fig. 6a2-a3 ). Four types of scar preservation can be distinguished. First, if the barnacle is attached to a relatively fresh shell surface, it will leave an almost invisible circular trace without significant discoloration of the substrate, which can, nonetheless, be seen under SEM (Fig. 8) . Second, some traces are associated with discoloration, leaving circular or elliptical traces, but with no sign of bioerosion (Fig.  9a,c-e ). Third, some scars (still associated with loss of color pigments) display a marginal ring (produced by etching). The center of a trace series is, thus, elevated   568   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51 and does not show any dissolution (Fig. 9a,f-h) . Fourth, some scars show multiple eccentric rings enhanced by dissolution ( Fig. 9b ,i-l). Up to 18 eccentric rings (i.e. growth lines) can be distinguished within the scars in the better-preserved specimens (Fig. 6a2 ). There is no central depression. The external furrow is developed in large specimens only, and this represents a stasis in base expansion. Interpretation: Buckeridge & Newman (2017) discussed bioerosion caused by the verrucid cirripede Verruca nuciformis Buckeridge, 1983. In their material, the substrate is also aragonitic (gastropods), although it shows greater decortication than seen in any of the Nautilus shells studied here. Importantly, numerous specimens of V. nuciformis remained attached to the substrate. After removal of several specimens of V. nuciformis from gastropod shells, ellipsoidal bioerosion patterns that conform to Anellusichnus ellipticus isp. nov. were exposed (Fig. 10) .
Therefore, we conclude that A. ellipticus isp. nov. is produced by a verrucomorph barnacle. Buckeridge (1997) records 11 species of verrucomorph barnacle from New Caledonia waters, but only 1 species is particularly common, Metaverruca recta, and, importantly, this species has a non-sinusoidal compartment wall. As only 1 living verrucomorph (M. recta) was found on any of these Nautilus shells, and as this species is common in the region, it is parsimonious to assume that M. recta is the species most likely to have formed the scars. However, we note that any verrucomorph that has a non-sinusoid outline could be the producer, including the significantly rarer Metaverruca pacifica Buckeridge, 1994 and Metaverruca macani (Stubbings, 1936) .
Remarks: The absence of a central depression in these scars distinguishes A. ellipticus isp. nov. from Centrichnus concentricus Bromley & Martinell, 1991. However, A. ellipticus isp. nov . also differs from Anellusichnus circularis Santos et al. 2005 by having almost completely flat relief and numerous eccentric internal rings. A non-sinusoidal outer margin distinguishes it from the Anellusichnus undulatus Santos et al. 2005 .
Distribution: Metaverruca recta presently occurs in the Western Pacific and appeared for the first time in the Lower Miocene.
Etymology: Morphologic. From the Latin ellipticis (= oval).
DISCUSSION
Nautilus habitat and distribution
Nautilus shells provide potential substrates for the attachment of a diverse group of encrusting organisms. An understanding of living activities of Nautilus is formative when assessing whether encrustation occurred while the animals were alive or post-mortem during their floating stage and/or on the sediment-water interface in shallow-water environments (where they can be transported) or bathyal and deep-water environments. Following field observations, Barord (2015) argued that Nautilus is an obligate scavenger, feeding primarily on benthos. As Nautilus is vulnerable to predators, it is generally not found in the open water column, especially during daylight (Dunstan et al. 2011) ; rather, it lives near its food source, in close association with reef slopes and with the sea bed (Ward & Martin 1980; Dunstan et al. 2011) .
Nautilus macromphalus lives in waters of the southwestern Pacific Ocean, especially near New Caledonia and Loyalty Islands, where it is generally found at water depths between 300 and 400 m (Saunders & Landman 1987) . They are less frequent at shallow depths (depending on season) and their maximum depth does not exceed 700 m (Dunstan et al. 2011) as hydrostatic pressure can cause shells to implode (Saunders & Ward 2010) . Those nautiluses that venture into deeper waters and survive require time at shallower depths to regain neutral buoyancy. An equilibration period generally takes place on substrates at depths of approximately 200 m (Dunstan et al. 2011) , and this period of low ac- Figure 10 Post-mortem bioerosion of mollusc shells by Verruca nuciformis Buckeridge, 1983 (Early Miocene, New Zealand) . Bioerosion arises through dissolution of the host surface of the mollusc shell (Tropicolpus sp.) by the barnacle. The Tropicolpus sp. is also heavily bored by acrothoracicans, and this is most evident on what appears to have been a surface above the sediment. Unlike the mollusc shell, the verrucid shells that are attached to the shell are not decorticated (image from Buckeridge & Newman 2017: 230) . This reflects a period of time between death of the mollusc and encrustation by the verrucid, during which the surface of the aragonitic mollusc shell was lost. 570   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51 tivity may provide some opportunities for colonization of living Nautilus shells by bottom-dwelling encrusting organisms with low dispersal abilities.
Identification of scar producers
Some specimens on N. macromphalus bear circular attachment scars without any shelly or body remains and these are here interpreted as being of cirripede origin (in particular, verrucomorph barnacles). We are aware that similar scars may be produced by other organisms. For example, Landman et al. (1996: 548) assigned sub-circular pits on ammonite shells to limpets. However, these limpet "home scars" are shallow depressions and, thus, morphologically differ from the barnacle attachment scars observed here. The nature of barnacle attachment scars, including those made by verrucomorphs, is relatively well known, based on studies of the well-preserved material (Bromley & Martinell 1991; Santos et al. 2005; Buckeridge & Newman 2017 ).
The role of periostracum in deterring epibionts
The settlement of epibionts on living Nautilus macromphalus tends to be highest near or in the umbilicus, where the smooth, organic periostracum that covers most of the shell is absent (Hamada 1983) . Interestingly, Nautilus shells with barnacle epibionts described by Hamada (1983) were damaged, and barnacles were attached to "rugae" of the repaired shell (Hamada 1983) . It was thus hypothesized that periostracum may inhibit the colonization of boring and encrusting epibionts on shells of Nautilus . However, the periostracum in N. macromphalus is extremely thin (2 µm according to Ward 1987) . Although 5 of 24 shells had remains of original sheen preserved, and 9 shells had some remnants of original red stripes (Tomašových et al. 2017) , no traces of original periostracum can be observed on the dead shells in this collection . Therefore, the original periostracum probably degrades very quickly, and is thus, not limiting colonization by encrusting organisms and/or their boring activities soon after death. Given that all shells of Nautilus analyzed here persisted in the taphonomic active zone (close to sediment-water interface) for at least a century, this deterrent mechanism seems not to have affected barnacle colonization. Taphonomic patterns on Nautilus shells from New Caledonia bathyal environments indicate that some shells were oriented in a relatively stable position, with rare overturning, for decades, providing ideal substrates for colonization by epibionts that require stable substrate (Tomašových et al. 2017 ).
Preservation of verrucomorph traces
Two processes are associated with the attachment of verrucomorph barnacles, including discoloration and dissolution. Discoloration precedes any signs of dissolution in some scars (Fig. 9a) , and is probably induced by pigment leaching in the uppermost parts of the prismatic layer. The degree of bioerosion and discoloration induced by verrucomorph barnacles varies as a function of surface preservation of Nautilus shells. Traces on fresh, unaltered surfaces of UBGD 30750 leave no scars (and are not associated with discoloration, Fig. 8 ) and traces observed on the left flank of UBGD 30740 show either no signs of dissolution (Fig. 9a,c) or just a marginal furrow produced by dissolution (Fig. 9a,f ). In contrast, traces on degraded surfaces on the right side of the UBGD 30740 produce deeper ellipsoidal traces associated with discoloration ( Fig. 9b,i) . As noted, similar traces were observed on gastropod shells (Fig. 10 ) by Buckeridge and Newman (2017) . Small-scale bioerosion occurring outside of scars is more intense than within the scars, indicating that the bioerosion occurred in parallel with encrustation.
The duration of floating stage in Nautilus Chamberlain et al. (1981) showed that shells of Nautilus at 300 m or more will not ascend to surface waters because high ambient hydrostatic pressure at larger depths generates a high rate of water influx into the phragmocone. Therefore, unless they are already encrusted, they will not acquire shallow-water pelagic cirripedes such as Lepas and Conchoderma. Nautilus that die at shallower depths (i.e. 5−150 m) may drift in surface waters for some time before buoyancy is lost, at which point they sink to the seabed. House (1987) and note that post-mortem, shells may retain buoyancy for months before settling to the bottom; over this period, there is potential for them to have drifted for many hundreds of kilometers. Final resting sites of dead shells of Nautilus that have been recorded off New Caledonia range from the upper photic (1-50 m) to the mesobathyal zone (Mapes et al. 2010a; up to 1140 m (Tomašových et al. 2017) . However, all specimens of N. macromphalus analyzed here occur within the geographic and for the most part also bathymetric range of living populations (Tomašových et al. 2016) . Therefore, these shells most likely did not float for long. In New Caledonia, a subset of dead shells is transported to beach and shallow-subtidal environments (Mapes et al. 2010a,b) , but shells preserved on slopes most likely represent shells that did not drift far 571   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50 Barnacles colonizing cephalopod shells (i.e. the Nautilus died at greater depths). Therefore, the phase when floating shells were exposed to settlement by planktic larvae in the upper parts of the water column was probably short. It is possible that in slope environments with steep topographic gradients, even subtle sedimentary transport can lead to redeposition of shells colonized by shallow-water epizoic communities to deeper habitats. However, this scenario is not observed (i.e. all barnacles are typical of deep-water habitats). As noted, lepadids frequently colonize Nautilus from the Philippines and Papua New Guinea (see Landman et al. 1996 for an overview) and their attachment has been observed also in long-term rearing aquarium experiments (Hamada 1983) . Although there is no evidence for the lepadids on any of our shells, they do not leave any attachment scars, and, thus, their colonization history cannot be inferred on the basis of empty shells. Tomašových et al. (2017) showed that the percentage of encrusters initially increased with post-mortem age in N. macromphalus but then declined in the oldest shells where there was a high degree of dissolution and decortication of external shell layers.
Benthic encrustation in bathyal environments on the sediment-water interface
On UBGD 30750, the specimen of M. recta possesses articulated opercula and shows some traces of organic tissue (on a shell that had been on the sea floor for at least 150 years); furthermore, the specimen of H. velutinum is attached to internal surfaces of the shell.
In UBGD 30740, higher density of attachment scars of A. ellipticus isp. nov. on one of the flanks, coinciding with higher degree of shell alteration (with dark, goethite-rich coatings), strongly indicates that the barnacle overgrowth occurred on the upper exposed flank surface as a consequence of post-mortem colonization (e.g. Schmid-Röhl & Röhl 2003) . All shells collected here are most likely to have been colonized post-mortem. The exception could be some specimens belonging to Hexelasma, preserved only as calcareous eroded bases. These bases can be rather old and may have settled on the Nautilus when still alive. suggested that Nautilus shells preserved in backshore environments were initially deposited in subtidal environments where they were exposed to borers and encrusters. In contrast, shells preserved in bathyal environments do not seem to possess such complex history in terms of their barnacle encrustation. The periostracum is lost due to erosion and microbial activity very quickly, exposing the aragonitic shell for encrusters and bor-ers. If dead shells are altered to some degree and colonized by verrucomorphs, attachment scars form (e.g. A. ellipticus isp. nov.). Rolling and partial embedding of the shell in the sediment may kill earlier settlements of cirripedes, which, in turn, are preserved only as calcareous bases or attachment scars.
CONCLUSION
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